Objective: The theory that a more thinly keratinized inner foreskin leads to increased HIV-1 susceptibility has been based on relatively little published data. We sought to quantify the keratin thicknesses of the inner and outer foreskin to determine the plausibility of this hypothesis.
Introduction
In recent years, clinical trials in Africa demonstrated that male circumcision provides up to a 60% risk reduction in HIV acquisition [1] [2] [3] . The scientific rationale(s) behind this protective effect has been highly speculative to date. One theory proposes that more potential HIV-1 target cells in the inner aspect of the male foreskin accounts for higher infection rates in uncircumcised men [4, 5] . However, no differences were noted between target cells in the inner and outer foreskin in a study that predated the African circumcision trials [6] . Our group has also shown that the glans penile epithelia actually contains more target cells than foreskin epithelia, further refuting the theory that target cells in the foreskin alone explain how uncircumcised men are more susceptible to HIV infection [7] .
Another theory has been that the inner foreskin has a thinner keratin barrier (cornified layer) than either the outer foreskin or penis, making it more vulnerable to infectious pathogens [5, 8] . A thinner barrier at the surface could decrease the distance between viruses and underlying target cells, thereby facilitating acquisition. It could also be more susceptible to environmental processes that compromise the integrity of the epithelial barrier. There have been only three reports comparing foreskin keratin thicknesses to date [5, 8, 9] . Two studies found the outer foreskin to be more thickly keratinized than the inner foreskin, although one did not show quantifiable data and the other used an arbitrary scale. Qin et al. measured foreskin keratin thicknesses and found the opposite result of what the first two groups had reported -that inner foreskin keratin was actually thicker than the outer foreskin keratin. These conflicting reports indicated that additional analysis was required to determine the importance of the keratin layer in HIV transmission.
In this study, we used multiple staining methods to define keratinization in the human adult male foreskin. We also sought to determine whether differences existed between the keratin layer thickness of the inner and outer foreskin. This analysis may prove important in understanding how circumcision status can influence female-to-male HIV transmission.
Methods

Specimen collection and processing
Adult male foreskin specimens were collected from consenting donors undergoing elective circumcision at Northwestern Memorial and Rush Presbyterian Hospitals in Chicago, Illinois, USA. Prior to this study, approvals from the Northwestern and Rush Institutional Review Boards were obtained. In order to protect patient confidentiality, no identifying information was obtained or recorded. We also did not obtain information on preexisting medical conditions, although all specimens with grossly visible lesions or ulcers were excluded. The specimens were immediately processed after surgical excision from the donors and washed once in 1X phosphate buffered solution (PBS; HyClone, Logan, Utah, USA). Each specimen was separated into the inner and outer aspects of the foreskin using the following criteria: darker pigmentation of outer foreskin as compared with inner foreskin, smoother surface of the inner foreskin, and smaller surface area of the inner foreskin. Specimens that did not have clear inner and outer aspects were not used in our analysis. Small pieces of inner and outer foreskin from each specimen were frozen in optimal cutting temperature medium (OCT; Sakura, Tokyo, Japan) or fixed in 3.7% formaldehyde (Polysciences Inc., Warrington, Pennsylvania, USA) and paraffin-embedded. Nearly 10 mm cryosections were obtained on glass slides for staining. An independent party blinded all slides prior to immunofluorescence staining and analysis (i.e., the party responsible for staining and analyzing the slides was unaware of the type of tissue they had on the slides).
Immunofluorescence
Frozen tissue sections were fixed in 0.1 mol/l PIPES buffer, pH 6.8, and 3.7% formaldehyde (Polysciences Inc.). Sections were blocked with 10% normal donkey serum (Jackson ImmunoResearch Laboratories Inc., West Grove, Pennsylvania, USA), 0.1% Triton X-100, and 0.1% sodium azide (Sigma-Aldrich, St. Louis, Missouri, USA). Monoclonal mouse antihuman a-filaggrin antibody (Santa Cruz Biotechnologies, Santa Cruz, California, USA) was used as a primary antibody (a $35-kDa protein that is produced by terminally differentiating squamous epithelial cells); rhodamine red-conjugated donkey antimouse antibody (Jackson ImmunoResearch) was used as a secondary antibody for staining. Slides were washed in PBS at 4 o C in between antibody incubations. 4 0 ,6-Diamidino-2-phenylindole (DAPI; Invitrogen Corporation, Carlsbad, California, USA) and wheat germ agglutinin (WGA; Invitrogen) was used to visualize nuclei and cellular membranes (by binding to cellular surface carbohydrates), respectively. Hematoxylin and eosin (H&E) staining was performed by the Northwestern Pathology Core Facility using a standard H&E staining protocol.
Image analysis
Imaging was conducted with DeltaVision RT Systems and SoftWorx software (Applied Precision Inc., Issaquah, Washington, USA). For each section of tissue analyzed, at least 10 images were captured. Images were analyzed with SoftWorx and distances were measured using a two-point measuring tool included in the program. The superficial edge of the epithelium was visualized using either WGA or the background fluorescence of the tissue. To measure the keratin thickness, a perpendicular straight line was drawn from the surface to the basal edge of the layer defined by filaggrin expression (Fig. 1f ). These two points were outlined using a combination of immunofluorescent markers. Sequential measurements were repeated every 30 mm along the epithelial surface to ensure adequate representation of the entire tissue's surface. We omitted all areas where the keratin was found separated from the epithelium. All measurements were taken in a blinded fashion and images were un-blinded after all measurements were recorded. 
Statistical analysis
A deviation approach analysis of variance (ANOVA) was utilized to compare mean keratin thickness of inner and outer foreskins. The full analysis included all of the measurements. Mean keratin thickness was computed for each patient per tissue. Given the variability of sample numbers in each patient, a second analysis was computed using 20 randomly selected samples from each tissue per patient ('20 representative'). The computed means were the score for each of the 16 patients per group. The distribution of means was analyzed for normality by visual inspection of normal Q-Q plots and the Shapiro-Wilk test. Heteroscedasticity was assessed roughly by comparing the ratio of variances and the Brown-Forsythe test.
Assumptions of normality and homogeneity of variance were met to proceed with ANOVA. STATA version 10.1 (College Station, Texas, USA) was used for statistical analysis. A P value less than 0.05 was considered statistically significant.
Results
Sixteen adult foreskins were obtained from consenting male donors. We did not collect clinical information from the patients, but the most common medical indication for elective male circumcision was phimosis. We used fluorescent WGA to initially visualize the basic tissue structure (Fig. 1a ). We then tested antibodies against a variety of proteins with known expression in the epithelium (including cytokeratins 8, 10, 13, and involucrin) and chose a filaggrin antibody to highlight the keratin layer ( Fig. 1b ) [10] . Filaggrin binds to keratin and helps keratin filaments aggregate in the superficialmost layers of the epidermis [11, 12] . This marker allowed us to visualize the stratum corneum of the epithelium, the equivalent of what has previously been defined as 'keratin' [8, 9, 13] . This molecular definition of keratin based on filaggrin expression facilitated accurate measurement of the thickness of this layer and provided an alternative technique to evaluate foreskin keratin. The superficial strata were more clearly defined when the tissue was stained with both WGA and a-filaggrin, as shown in Fig. 1c . Grossly, no appreciable differences were noted in the appearance of the inner and the outer aspects of the foreskin.
In order to test our method of visualizing the keratin layer, we compared sections of foreskin taken from the same donor using the standard method of fixation and staining (paraffin/H&E) to the OCT and immunofluorescence (OCT/filaggrin) protocol outlined above. We additionally took sequential (side-by-side) sections from blocks of tissue preserved in either paraffin or OCT and compared H&E to filaggrin staining for each type of medium (data not shown). Overall, we found that our methods allowed for enhanced visualization of the keratin layer. Figure 2 shows an example of inner foreskin using paraffin/H&E stains (top) and OCT/filaggrin stains (bottom). The keratin layer is more easily distinguished from the granular layer in the bottom image, using our fixing and staining methods. To quantify the differences between these two techniques, images of inner and outer foreskin were blinded and then analyzed as described in the methods section. The average thickness of the outer foreskin as evaluated by filaggrin expression was 15.8 AE 8.18 mm, whereas H&E staining gave a thickness of 14.8 AE 5.58 mm (P ¼ 0.995). Therefore, both methods gave very similar values, demonstrating that any difference between our method and those of previous reports was not due to differences in tissue preparation, staining, or evaluation.
Neither method of tissue fixation was able to completely prevent against separation of the keratin layer in certain areas, a phenomenon that has been noted by other groups studying the structural characteristics of the male foreskin [9] . We excluded these desquamating areas in our analysis because keratin thicknesses could not be properly assessed. We did not find a significant difference between the inner and outer foreskin with regards to desquamation (data not shown). Keratin thicknesses were measured as described in the methods section for the inner and outer aspects of each of the 16 specimens. In total, 2032 measurements were obtained from the 16 subjects with a roughly balanced distribution (average of 62.1 and 64.9 measurements per inner and outer foreskin specimen, respectively). There was no clear trend in the keratin thicknesses of the inner or outer foreskin. We found that the keratin of the inner foreskin was thicker than that of the outer foreskin of seven donors; the outer foreskin was more thickly keratinized than the inner foreskin of three donors; and no significant difference was seen between the two aspects of six donor foreskins ( Fig. 3 ).
There was also notable intraindividual variability in the measured keratin thicknesses of some donors. For example, donor 8 had an inter-quartile range of 22.1 and 42.3 mm for the inner and outer foreskins, respectively ( Table 1) . Repeated measurements were taken to account for these variations, although there was significant variation in the number of measurements able to be taken per sample. A secondary analysis using representative measurements was therefore performed and is explained in the Methods section.
Boxplots of the inner and outer keratin thickness combining all donors showed substantial overlap between the keratinization of the two foreskin aspects (Fig. 4) . The mean AE standard deviations of the keratin thickness of the inner and outer foreskin were 25.37 AE 12.51 and 20.54 AE 12.51 mm, respectively. This represented a very small difference of nearly 5 mm between the inner and outer foreskin. The stratum corneum alone in a healthy individual can be up to 40 mm; our measured difference is, therefore, only a small fraction of this layer, and much less the entire epidermal layer [11] . Analysis of variance with both the complete and 20-representative model showed a nonsignificant difference in mean keratin thickness between inner and outer foreskins (P ¼ 0.451 and 0.169, respectively).
Discussion
Male circumcision has been shown to prevent HIV and other sexually transmitted infections (STIs) [1] [2] [3] [15] [16] [17] .
The dominant theories regarding the underlying mechanism of this protective effect focus on the keratin layer of the inner foreskin. During sexual intercourse, this thinner keratin layer potentially increases the exposure of target cells to HIV. However, studies concerning foreskin keratinization have been inconclusive and contradictory.
Our study addresses this critical impasse by quantifying the keratin thickness of 16 foreskin specimens using a novel method for keratin measurements. We found no difference between the inner and outer foreskin keratin layers, invalidating the hypothesis that the thinner keratin barrier of the inner foreskin leads to increased HIV infection in uncircumcised men. Our findings are in agreement with those of Qin et al. [9] , who measured the keratin layer of foreskins from Chinese men and boys.
Previous studies have lacked description of the heterogeneous nature of the foreskin's keratin layer. We observed significant heterogeneity between the donors in our study, as seen in the measurements presented in Fig. 4 and Table 1 , which were determined with multiple samplings (>50 per specimen). This phenomenon has been seen in dermatologic studies when skin samples are compared across a group of individuals and may be related to genetic differences in skin composition [14, [18] [19] [20] . In addition, exposure to environmental stimuli over an individual's lifespan might also induce changes in the expression of epidermal proteins, such as filaggrin or keratin.
In order to address potential differences in keratin thickness that may have been introduced by our methods, we conducted a detailed analysis of the methods used for fixing and staining the foreskin tissue. Previous analyses of foreskin keratinization have relied on formalin-fixed, paraffin-embedded tissue stained with H&E [4] [5] [6] . These stains are nonspecific; they depend on differences in chemical composition, which may render it difficult to distinguish each epithelial stratum. Standard immunohistochemical stains against epidermal cytokeratins (including AE1/AE3 and CK5/6) are also nonspecific for our area of interest -they also stain for keratin production in basal layers of the epidermis [21] . The method developed by our group allows for highresolution images based on the expression of proteins 904 AIDS 2010, Vol 24 No 6 that highlight the keratin layer. In comparing sections from the same donor using different fixes and stains, we found no difference between the different methods, confirming the accuracy of our technique in measuring keratin thicknesses.
Although our study is the second largest to compare inner and outer foreskin keratinization, it remains limited by its small sample size. Future studies with a larger number of specimens (including penile specimens) will more clearly highlight similarities and differences between tissue types. Another drawback was the statistical analysis undertaken for this study, which may not completely take into account the intra-individual variability in measurements. Additionally, these measurements were taken from explanted tissue that is devitalized, although any effects to the keratin layer from this are likely minimal. Lastly, we did not know the donors' exact medical indication for male circumcision. Most donors undergo male circumcision for phimosis (difficulty retracting the foreskin), which is commonly due to recurrent episodes of balanitis (or inflammation of the foreskin due to infections or diabetes mellitus) [22] . It is unknown how these underlying conditions affect foreskin keratinization, and hence our findings. However, Qin et al. also evaluated the foreskins of healthy preschool boys and found similar results [9] . We have also directly compared the foreskin to the corresponding penile tissue from two uncircumcised cadaveric donors and found only marginal differences in the keratin thickness between foreskin and penile epithelia (data not shown). Additionally, circumcised penile epithelia tended to be more thinly keratinized than uncircumcised penile epithelia, further refuting the hypothesis that thinner keratin layers correspond to easier HIV transmission.
We propose that the mechanism responsible for the protective effect of male circumcision on HIV transmission involves more than keratin alone. A recent study by Kigozi et al. [23] evaluated Ugandan men undergoing male circumcision and described differences in their HIV susceptibility which correlated with the size of their excised foreskin. These findings suggest that the larger area of squamous epithelium provided by the presence of the foreskin may play a more important role in HIV transmission. Features such as epithelial permeability and inflammatory responses also vary widely and may have epidemiological associations with HIV infection [19, 20, 24] . Other studies have demonstrated a correlation between stricter preputial (the area between the foreskin and the glans penis) hygiene and lower HIV prevalence rates, suggesting that the dynamic environment created by the foreskin also plays an important role [25, 26] . In addition, the results of the Merck HIV-1 gag/nef/pol vaccine trial imply that being uncircumcised alone did not confer the highest risk of HIV infection; vaccination further enhanced that risk in a way that was not evident in the serologic response to the vaccine [27] . These observations together argue against an overly simplistic model relating to keratin layers in the foreskin alone.
Ultimately, we need to better understand how HIV dynamically interacts with human genital mucosal surfaces, particularly in response to conditions that alter the mucosal environment created by the foreskin. Further studies aimed at clarifying these interactions will also help determine whether the protective effect of male circumcision, as seen in the African trials, can be applied to different at-risk groups, such as men who have sex with men. Only with a thorough understanding of the mechanism underlying the protective effects of male circumcision will it be possible to create effective topical agents or systemic vaccines to help finally stem the global epidemic.
